] 72 ABSTRACT Tile Clouds and t..anh Radiant Energy System (CF.RES) scanning radiometer was designed to provide high accuracy measurements of/he radiances fl'om the earth. Calibralion testing of the instruments showed the presence of an undesired slo,* transient in Ihe measurements of all channels at I_;f to 2% of the signal. Analysis of the data showed that the transient consists of a single linear mode. The characteristic time uf this mode is 11.3 to 0.4 s and is much greater lhan thal the 8-10-ms response lime of tile detectow; so that it is well separated frolll the detector response. A nnnlerical fiher was designed for the removal t)|" this transient fronl the n+leasnrelllellls. Results show no trace remaining of the transient after application of Ihe nunlerical filler..The characterization of file slow rhode on Ihc basis of grc,und calibration data is discussed and flight results are shoven for file CERES instruments aboard Ihe Tropical Rainfall Measurement Mission and l_,rra spacecraft. The primary influence of the slow modc is in tile calibration uf tile instrument alid file in-flight ,,alidation of the calibration. Thin incthod ma+v he applicable to other radiomelers Ihal are striving for high accuracy and encounter a slo','_ spuri_mn inotle, regardless of the underlying physics.
Introduction
The ed by Lee et al. (1998 Lee et al. ( , 2000 , the numerical filter was used. et al. 1997) . The spurious mode is due to heating of the heat-sink disk to which the active thermistor bolometer is attached, as indicated in Fig. 4 . When radiation from the scene is focused onto the active thermistor bolometer, it heats up with a characteristic time of 8-10 ms to provide the measurement.
Haeffelin
As the radiation continues, the heat-sink disk to which the active thermistor bolometer is attached heats up, permitting the active thermistor bolometer temperature to rise and increase the temperature difference between it and the compensator thermistor bolometer and increasing the measurement.
The characteristic time for this mode of heating is 0.3-0.4 s.
b. Timescales
The timescales relevant to the CERES scanning radiometer are shown in Fig. 5 . The output is sampled every 10 ms. Any time response of the radiometer faster than 10 ms cannot be resolved from the data and must be included in the point response function. The radiometer looks at space every 3 s in order to get a zero radiance reading. The zero radiance reading is linearly interpolated between space looks. Over a period of several minutes the zero radiance wdue may drift significantly.
Also, the temperature-stabilization feedback loop for the disk subassembly acts over a period of several minutes. Any time response longer than the time between space looks will be attenuated by the subtraction of the zero radiance readings from the measuremerits. Between the data-sample period and the space look period is a 2 1/2 order of magnitude span within which one hopes there are no detectable time responses. However, in the CERES scanning radiometer this spurious mode appears with a 0.3-0.4-s time response at the 2% level. This mode is sufficiently slow that its effects can be uncoupled from the point response function and resolved by the data, so that it is possible to remove any significant effects by a numerical filter.
Numerical filter formulation
a. Formulation of slow mode response Figure 6 shows the basic concept upon which the numerical filter is based. As the result of an input radiance r(t), a signal u(t) is generated. The signal can be expressed in terms of an integral over the field-of-view of the scene radiance weighted by the point response function. The angular distance in the scan direction is A basic principle of design is that the signal formation should not pass significant power at frequencies higher than the Nyquist frequency.
All frequency components in the scene r(t) faster than the Nyquist frequency arc attenuated from u(t) by the sensor design, which includes selection of the field-of-view size and shape, the detector response time and the Bessel tilter. These high frequency components are a major distinction between u(t) and r(t). The second major distinction is that the spectral components of u(t) with frequencies near the Nyquist frequency are reduced in amplitude, which is blur, and usually delayed in phase, which is distortion. The phase delay is accounted for by locating the data at the centroid of the point response function.
Unfortunately, due to heating of the heat sink of the active thermistor-bolometer, one or more spurious modes are superimposed on the signal. The response of the spurious modes as they appear in the output is denoted as v(t). The measurement w(t) is thus given by the detector output with the spurious modes superimposed:
In order to achieve the desired accuracy from the measurements w(t), it is necessary to remove the spurious mode v(t). We wish to retrieve the undistorted signal u(t), for which the design is already optimized on the basis of alias and blur errors, and not r(t).
The spurious modes are assumed to be driven by heat going into the sensor, which is proportional to the undistorted signal u(t), so that (see appendix)
Because conduction is a linear process, g(d/&) and hfd/dt) are linear operators consisting of polynomials in the time derivative.
The degree of the g polynomial is the number of significant modes which contribute to the transient response and the degree of h is one Jess. Equations (2) and (3) can be combined to give the spurious transient due to the slow modes in terms of the measurement:
Although the present problem is due to transient heat flux between the active and compensating thermistor bolometers, Eq. (3) does not depend on the details of the underlying physics, but only states that the process is governed by a linear differential equation. Also, the equation has constant coefficients, which simplifies the present application so that the numerical filter likewise has constant coefficients.
A system with time-varying coefficients could be treated in a similar manner.
At this point a number of modes could be included: the a priori assumption is made that only one mode is needed to describe the spuriot, s transient of the CERES scanning radiometer.
The justification (or rejection)of this assumption will depend on the results. Thus the operator on the left hand side of Eq. {3) reduces to first order:
where A is the inverse of the characteristic time of the mode. The operator on the right-hand side is then of 0th order and reduces to cA, where c is the loading of the slow mode into the signal. For a single mode spurious response, Eq. (4) reduces to
The solution of Eq. (6) can be expressed in terms of the measurements
where l(t) is the impulse response function for the operator (g + ca). In particulaL for the single-mode case,
Equation (8) gives the effect of the spu,'ious mode on the measurement in terms of the measurement history.
b. Derivation of numerical.lilter
The measurement w(t') is known only at discrete points L. Because the spurious mode is slow, w(t') can
be approximated as piecewise constants based on w(t,). Equation (8) may thus be written as
where
Equation (9) is a very inefficient form for application. This solution can be generated recursively by writing Eq. (9) for v(k I), whence it is seen that
The tilde is used to denote that this is a computed estimate of the quantity. Equation (1 I ) can also be derived as the solution of the difference equation which corresponds to the differential equation (6) in [inite fl)rm. Equation
( 1 1) permits the efficient computation of the spurious mode ,ecursively during data processing. Once the _(/,') is computed, the retrieved measurement can be computed as
c. Alq_licatitm qf nttmerical.lilter
The modal loading factor c and the modal time constant A t arc diffe,'ent for each detector due to manufacturing differences.
Once these constants are determined from calibration data, the p,, and 17, are computed. For each measurement w(k), the spurious mode amplitude iT(k) is computed using Eq. ( I 1 ) and the retrieved measurement u(k) is computed by use of Eq. (I 2). The algorithm requires only the storage of the immediately preceding transient amplitude v(k -I). In order to start the filter at the very beginning or after a disruption of data llow, the transient ntode is assumed to be in equilibrium with w(k) for expediency, so that we let
fl_r Ihe initial conditions only. Equations (11) and (t2) are then used lot processing the data. After a few characteristic tilnes A ', the effect of the initial condition will be damped out exponentially. Standard procedure is to begin cot, nt conversion to raw radiances with the scanning of space. During this time, the initial condition will damp out.
d. Response _/ measurement to step input
The response of the measurement to a step radiance input is now considered.
The response of the undistorted output tt(t) as the radiometer scans onto a unit step input is denoted as F(t), where F(t) _ 1 fl_r large t. The spurious mode is then given from the solution of Eqs. (3) and (4) as
Even though F(t) is a smooth function at the timescale of the pixel response during calibration, at the timescale of the slow mode it can be considered to be a step function. In order to reduce errors due to this approximation, the step is assumed to occur at the centroid of the pixel, which we denote as t_. For t > t,, F(t) _ 1 and v(t) can be written as
The measurement is then
and the asymptotic value of the measurement is
Equation (16) shows that the slow mode does not vanish at large t, but takes a steady-state wtlue. The slow mode affects the gain computation of the instrument.
In the absence of the slow mode, the instrument counts for a unit input would be q = G. During ground calibration, the total and longwave window channels stare at the blackbody for more than 3 rain. During this time, the slow mode does not vanish, but approaches a nonzero steady state Go. Equation (16) shows that the instrument counts are q -G( 1 + c). The apparent gain G' is computed on the basis of this steady state, thus is G' -q/(l + c) and includes the steadystate value of the slow mode. This apparent gain G' is redt, ced from tim true gain G:
In order to use the apparent gain. that is, the result from the steady' slate, the factor (1 + c) is included in Eq. (12):
For the CERES computations, Eqs. ( I I ) and (18) should be applied to filtered radiances, after accounting for the off\sets and space clamp. This is most easily done by incorporating the factor (l + c) in the P0 and p_. By writing the equations in this manner, the numerical filter results match the results obtained from the steady-state calibrations.
One advantage of this procedure is that the steady state results using the numerical filter are independent of the modal amplitude c. In the data processing, after the instrument counts are converted to radiances, the numerical filter is used to retrieve the undistorted radiance. 
From this form we can write
A plot of ln [(u',,> -w( l }}/( w,,, --w,,,,,) spacecraft and to the flight models 1 and 2 (FM-I and -2) aboard the Terra spacecraft. The CERES instrument scans from the space look at 8°(horizontal is taken as zero) across the earth to another space look at 162°and then to 194°(i.e., 14°above horizontal), where it stops for a short time to view the Internal Calibration Module At sample 350 the instrument scans from the ICM to space (again near scan angle 162°) and at sample 380 has scanned onto the Earth for another scan, until sample number 610, where the instrument has returned to the starting position. The effects of the numerical filter are seen in regions where there is a large change, that is, as the instrument scans onto the limb of the earth, as it scan onto the internal blackbody and as it scans to the space look. The rest of the time, the effect of the numerical filter is very small in the average. Figure 9 shows the approach of the total channel measurements to equilibrium while looking at the internal blackbody.
Without the numerical filter (solid line) the measurement does not reach steady state during the time available for the internal calibration and causes the measurement to be 0.5 W m : sr _ less than the asymptote at the end of the internal calibration period. The retrieved undistorted measurements, that is, with the numerical filter (dotted line), quickly come within 0.1 W m 2 sr _ of its asymptote, with the 9-ms response time of the detector apparent.
If not accounted for, this difference together with the difference at the space look would cause an error in the inflight calibration results for the gain of the channel. This error of gain would then affect all measurements.
The output of the detector is given by the number of counts above the zero radiance level, which is converted to radiance units by multiplying by the gain of the channel. The zero level drifts over a period of several minutes and is established for each scan by the space look. Figure  10 shows the space look measurements in detail. As the instrument scans from viewing earth to space at scan angle 8°, the slow mode is obvious in the measurements without the numerical filter applied (solid line). The zero radiance value is taken to be the average of the measurements from 13 samples, typically sample number 28 to 40. During the space took it is possible to get small negative values of radiance due to random errors below this average value. With the numerical filter applied, the retrieved measurements very quickly drop as expected for the 9-ms first-order response of the detector and remain steady over the period of the space look. Any error in the space look causes an error in each measurement of earth radiances. alone and is not due to a mode which ]nay be conjectured as created by' a radiative coupling between the telescopes and the internal calibration sources when data from these devices are used. Also, the flatness of tile retrieved measurements during the space look provides validation of the assumption of a single linear mode to describe the spurious transient.
The radiances from the total channel of the PFM during the space looks just prior to and after the internal calibration are shown in Fig. 11 . These space looks are not usually used in data processing, but are for validating that this space look is compatible with those at scan angle 8°. Without the numerical filter, the radiance There are cases in which the space look is contaminated or lost in the data stream for various reasons.
In such cases, the space look near scan angle 162°can be used after application of the numerical filler. The application of the numerical filter to the CERES Flight Models 1 and 2 aboard the Terra spacecraft is now described. Figure 12 shows the shortwave channel response to the Shortwave Internal Calibration Source (SWlCS)
for FM-1. There is a small overshoot of the response above the aymptotic value as the detector scans onto the SWlCS and again as it scans away from the SWlCS. due to extraneous reflections at the edge of the SWICS. Figure 13 shows lnl(u',,_ -w(t))/(w,.,. -u'.)] for these measurements.
The response overshoot results in the dip at sample number 192, after which the curve shows the linear behavior of the slow mode. The overshoot was so quick that the slow ]node does not significantly respond. From the slope of the curve, A is computed to be 2.9 s _ and extrapolation of the line back to the initiation of the SWICS input gives c -0.016. 
.
Discussion
As the instrument scans from the space look to the earth, the effect of the slow |node is to cause the mea- 
(A2).
The measurement of the thermistor bolometer is the integral of the temperature over the region between the electrodes and thus can be written as h,,&,,(t) .
The complete set of modes C includes the primary re- very little response, and also four modes for the response of the Bessel filter. These modes determine the undistorted signal u(t). The set C also includes a set S of slower modes which are spurious and are to be taken into account by the numerical lilter. Equation (A3)thus becomes
where v(t) is the spurious part of the signal:
vU) = _/),,4,,,(t).
IA5) nc S
We now make the approximation, which is fundamental to the application of this method: For the slower modes, the radiative forcing f.(t) is proportional to the undistorted signal u(t). This approximation relies on the u(t) response being fast relative to each of the slow modes• The operator II,,_s(d/dt + A) is applied to each side of Eq. (A5) and the approximation is used to replace f,,(t) with u(t) times a constant for each n, resulting in However, u(t) is not observable. Although this equation was derived on the basis of time-dependent heat transfer, the same form of the equation would be found, for example, if the spurious transients were due to time-dependent electronic responses, provided only that the mechanism is linear.
